Abstract: Optically multiplexed multi-carrier systems with channel spacing reduced to the symbol rate per carrier are highly susceptible to inter-channel crosstalk, which places stringent requirements for the specifications of system components and hinders the use of high-level formats. In this paper, we investigate the performance benefits of using offset 4-, 16-, and 64-quadrature amplitude modulation (QAM) in coherent wavelength division multiplexing (CoWDM). We compare this system with recently reported Nyquist WDM and no-guard-interval optical coherent orthogonal frequency division multiplexing, and show that the presented system greatly relaxes the requirements for device specifications and enhances the spectral efficiency by enabling the use of high-level QAM. The achieved performance can approach the theoretical limits using practical components. 
Introduction
The rapid growth in video based Internet applications is increasing the demand for spectrallyefficient optical communication systems. Spectral efficiency can be increased by either using higher-level modulation formats or reducing the channel spacing. In conventional wavelength division multiplexing (WDM) systems, a channel spacing equal to 1.2 times symbol rate per carrier using 36-quadrature amplitude modulation (QAM) was reported [1] . According to communication theory, it is possible to reduce the channel spacing to the symbol rate per carrier without any penalty from inter-channel crosstalk or intersymbol interference (ISI). For ultra-high-speed optical communications, this concept has been implemented by using optically multiplexed multi-carrier systems, including no-guard-interval coherent orthogonal frequency division multiplexing (OFDM) [2] [3] [4] , Nyquist wavelength division multiplexing (N-WDM) [5] , and coherent WDM (CoWDM) [6] . When the channel spacing is further reduced, crosstalk and/or ISI free operation cannot be achieved unless single-quadrature format is used [7] , or the channel number J is small (e.g. J = 2) and the occupied bandwidth is ~(J + 1)/T, where T is the symbol period, resulting in redundancy in the spectral usage [8] . In [9] , a pre-filtered 28Gsym/s 4-QAM system with 25GHz channel spacing was reported, which employed maximum a posteriori probability detection to mitigate the inevitable ISI.
In optically multiplexed multi-carrier systems with channel spacing equal to the symbol rate per carrier, it is essential to ensure orthogonality between channels so that they can be demultiplexed at the receiver without inter-channel crosstalk. Here, orthogonality [10, 11] is a broad term and is not limited to the use of rectangular waveform (or sinc-function based spectral profile) as in discrete-Fourier-transform (DFT) based OFDM [12] . In fact, due to a high symbol rate per carrier (~10-40Gsym/s) in optically multiplexed multi-carrier systems, rectangular pulses with infinite spectral tails cannot be obtained by any practical devices, which commonly have bandwidths less than 50GHz. Consequently, ideal orthogonality cannot be achieved. In the no-guard-interval coherent optical OFDM system employing more than two channels, this residual crosstalk limits the achievable format level to 4-QAM even when a stringently specified digital signal processing (DSP) based receiver filter is employed [3] . To improve the receiver sensitivity and relax the requirements of the receiver-side filter, a bandwidth limited solution, N-WDM, has been proposed, in which an extra optical filter is used for pre-filtering [5] . However, N-WDM aims for a rectangular spectral profile (or sincfunction based pulse shape), which is still difficult to achieve. Consequently, residual interchannel crosstalk also exists even with careful design of the optical [5] or DSP-based [13] prefilter. This residual crosstalk, as will be shown in this paper, not only increases the difficulty of the filter design at the transmitter and the required memory length of the receiver digital filter, but also hinders the use of 16-and 64-QAM. Note that an extra guard band (or interval) can be used to alleviate the impact of the crosstalk in N-WDM (or OFDM) [14, 15] . However, systems with additional guard band only offer the same information spectral density as conventional dense WDM and will not be considered in this paper.
CoWDM [6] is one class of optically multiplexed multi-carrier systems with channel spacing equal to the symbol rate per carrier, which is distinguished by the use of extra phase control at the transmitter to mitigate the inter-channel crosstalk. However, conventional CoWDM only uses single-quadrature formats, e.g. on-off keying [6] or binary phase shifted keying [16] , and it has been shown that the phase control cannot be used to mitigate the crosstalk with two-quadrature formats [13] . In this paper, we propose a CoWDM system using offset 4-, 16-, and 64-QAM. Offset QAM is a group of modulation formats in general communications [17] , and has been implemented using the DFT technique for data modems [18] . We derive the conditions for crosstalk and ISI free operation in offset-QAM CoWDM and find that the use of this group of formats can significantly relax the requirements for optimum operation of CoWDM. By offsetting the in-phase and quadrature tributaries by half symbol period in time, the crosstalk and ISI can be eliminated even using practical signal spectral profile or pulse shape. We compare this system with N-WDM and no-guard-interval optical OFDM, and show that the presented system significantly improves the performance and consequently enhances the spectral efficiency by enabling the use of high-order offset QAM, with the performance approaching the theoretical limits using practical components.
The paper is organized as follows. In Section 2, we describe the principle of offset-QAM CoWDM, including the theoretical derivations to obtain the conditions for crosstalk and ISI free operation and semi-analytical analysis on crosstalk levels to illustrate its performance benefits. Based on the implications of the analysis, Section 3 gives the simulation setup and Section 4 shows that the presented system significantly improves the performance and relaxes the system specifications. Finally, Section 5 summarizes the results. The principle of single-carrier offset QAM has been described in general communications [17] . As shown in the Inset 1 of Fig. 1 , the quadrature signal is delayed by T/2 with respect to the in-phase signal before modulation at the transmitter, where T is the symbol period. In the single-channel case, the use of offset QAM would eliminate the amplitude fluctuations associated with π phase shift. In this paper, we will focus on how the use of this group of formats would relax the required condition to approach crosstalk free operation in CoWDM with two-quadrature formats and consequently improve the performance. Figure 1 depicts the model of analysis. We define E j (t) as the optical field of the signal after the demultiplexing filter targeted to demultiplex the j th channel. Here, E j (t) is the baseband representation:
Principle
where E 0 and J are a constant and the number of channels respectively. a k,n and b k,n are the n th logic data of the in-phase and quadrature tributaries of the k th channel respectively. ω k and  k are the frequency and phase of the k th carrier respectively. I k,j (t) and Q k,j (t) are the signal pulses of the in-phase and quadrature tributaries of the k th channel after the filter targeted to 
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Optimal phase difference between channels is /2 demultiplex the j th channel, and represent the overall impulse response of the whole system. I k,j (t) and Q k,j (t) are related to the baseband pulse shape of the signal before demultiplexing, h s (t), and the impulse response of the demultiplexing filter for the j th channel, h D,j (t), by:
We define H in-phase,k,j (ω), H quadrature,k,j (ω), H s (ω), H D,j (ω) as the Fourier transforms of I k,j (t), Q k,j (t), h s (t), h D,j (t) respectively, and have:
Here H s (ω) represents the overall baseband system response before demultiplexing, including the transmitted electrical signal pulse shape, the transfer functions of the driving amplifier and the modulator, chromatic dispersion in the fiber link etc. H D,j (ω + ω j ) here represents the receiver-side filter for channel demultiplexing, and, in coherent detection, should include both the optical filtering, H opt,j (ω + ω j ), and the electrical filtering, H ele,j (ω + ω j -ω lo ):
where ω lo is the frequency of the local oscillator. In practice, H D,j (ω + ω j ) is usually matched to H s (ω), i.e. H D,j (ω + ω j ) = H s *(ω), to minimize the noise impact, which is achieved by using digital filters at the receiver. Therefore, the number of free parameters is reduced and the problem degenerates to the design of only H s (ω) to achieve crosstalk and ISI free operation. Due to the close channel spacing, the demultiplexing filter for the channel j, H D,j (ω + ω j ), may allow through parts of the signals from other channels, e.g. channels (j-1) and (j + 1), in addition to the targeted channel, such that I k,j (t) and Q k,j (t) (kj) are not zero for all t. However, the symbol decisions are made based only on the final samples of the signal, where the final decision samples are those obtained after all over-or non-over-sampling based digital processing in coherent detection. Consequently, we only require that the crosstalk and ISI levels at the final sampling points are zero. By setting t = mT and (m + 0.5)T in Eq. (1) for the in-phase and quadrature tributaries respectively, we have the decoded logical data a 
Here we use the property of (ω k -ω j ) = 2π(k-j)/T. The first, second, and third terms on the righthand of Eqs. The optimum operation for a general optically multiplexed multi-carrier system requires: 1. Matched filter to minimize the noise impact, which places restrictions on the selection of the receiver filter (H D,j (ω + ω j ) = H s *(ω)) but not on the transmitted signal pulse shape; 
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In-phase 2. Nyquist ISI criterion for ISI free operation in generic communication systems, which is satisfied by only particular set of signal pulse shapes with associated matched receiver filters. Fortunately, the selection of signal pulse shape under this restriction is not stringent and a signal generated by a practical transmitter in the conventional WDM or single-channel case can achieve ISI free operation, unless the system is bandwidth-limited [1,9]; 3. Channel orthogonality specific to optically multiplexed multi-carrier systems for crosstalk free operation. This condition strictly limits the freedom of selecting the spectral profiles of the signal before demultiplexing (H s (ω)) and the associated matched filter (H D,j (ω + ω j )).
As the conditions for the matched filter and ISI free operation of a particular channel are similar to those in the single-channel case, we will assume that these two conditions are satisfied and focus on the analysis of inter-channel crosstalk, i.e. the third term on the right hand of Eqs. (5.1) and (5.2). In conventional optically multiplexed multi-carrier systems, the requirement for channel orthogonality is strict. In recently reported works, rectangular-(noguard-interval optical OFDM) and sinc-function (N-WDM) based signal pulse shapes have been used. Figure 2 (a) illustrates the example using a rectangular signal pulse shape. As depicted in the second and third rows of the figure, the crosstalk from the in-phase and quadrature tributaries of the (j + 1) th channel to the targeted j th channel at the sampling point, equal to the integration of the sine and cosine wave over the time period of T, is zero. However, precluded by the limitations of device fabrication, these signal pulses cannot be practically realized. On the other hand, commonly used practical signal pulses do not satisfy the condition for crosstalk free operation or channel orthogonality, as depicted by the second and third rows of Fig. 2(b) where the signal pulse is a raised cosine with roll-off coefficient of 0.4. The figure clearly shows that crosstalk exists. It is also observed that when the carrier phase difference between channels is π/2, the crosstalk is only from the other quadrature of the (j + 1) th channel. This is the principle of conventional CoWDM [13] , where with singlequadrature modulation, crosstalk free operation can be achieved even with practical components. th channel is offset by T/2 in time (the bottom row). It can be seen that in this specific example, the crosstalk from both the in-phase and quadrature tributaries of the (j + 1) th channel becomes zero even for the practical raised-cosine pulse shape. This implies that potential performance benefits could be obtained by offset-QAM CoWDM. Note that in Fig.  2(b) , as will be shown later, crosstalk and ISI free operation is still not ideally achieved because the spectrum of a raised-cosine shaped pulse remains infinite such that the crosstalk from channels (j-2) and (j + 2) are not eliminated. In this subsection, we will firstly identify the condition to obtain the optimum operation of offset-QAM CoWDM. For a simple illustration, we firstly study the crosstalk levels to the in-phase tributary of the targeted j th channel (i.e. (5.1)), with I k,j ((m-n)T) and Q k,j ((m-n)T) obtained from Eq. (2):
Relaxed Condition for Crosstalk Free Operation
Here, we have used (ω k -ω j ) = 2π(k-j)/T and the condition of a matched filter with H D,j (ω + ω j ) = H s *(ω). Without giving detailed mathematical manipulations, we simplify Eq. (6) 
We place the first requirement on the signal pulse to achieve channel orthogonality: h s (t) is a even function (real and symmetric). This applies to the majority of practically generated signals. In systems with transmission impairments such as chromatic dispersion, compensation using optical or digital devices is assumed. By using this kind of signal pulse, it can be proved that in (7), h s ((m-n)T/2 + τ')h s *(τ'-(m-n)T/2) and h s ((m-n-0.5)T/2 + τ')h s *(τ'-(m-n-0.5)T/2) are also even functions. Therefore, (7) can be re-written as:
Physically, Eq. (8) implies that I k,j ((m-n)T) is always real, while Q k,j ((m-n)T) is imaginary for odd (k-j) and real for even (k-j). We then place the second requirement: CoWDM with the phase difference between channels of π/2. Without loss of generality, we define
and can obtain from Eq. (5.1):
With the same mathematical manipulations, we can also obtain that Q k,j ((m-n + 0.5)T) is always real, while I k,j ((m-n + 0.5)T) is imaginary for odd (k-j) and real for even (k-j). Consequently, the detected logical data for the quadrature tributary of the j th channel, b ' j,m , is:
It is clear from Eqs. (9.1) and (9.2) that the crosstalk to a particular quadrature of a particular channel j has only contributions from the same quadrature of channels more than one channel distant from the targeted channel (i.e. channels (j-2) and (j + 2) and beyond). Therefore, we place the third requirement for crosstalk free operation: the spectral profiles of the signal and its associated matched receiver filter are designed to avoid the spectral overlap between the targeted channel j and channels (j-2) and (j + 2). In summary, crosstalk and ISI free operation in offset-QAM CoWDM can be achieved provided that: a). The spectral profile of the demultiplexing filter is matched to that of the signal. b). The design of h s (t) satisfies Nyquist ISI criterion for ISI free operation. c). h s (t) is a even function. d). The transmitter is coherent with optimal phase difference between channels of π/2. e). h s (t) is designed to avoid the spectral overlaps between the targeted channel (e.g. the j th channel) and channels more than one channel distant (e.g. the (j-2) th and (j + 2) th channels).
Intuitively, as depicted in Fig. 2 , the relaxed condition for offset-QAM CoWDM can be understood that when the carrier phase difference between channels is π/2, the crosstalk to a particular tributary of the targeted channel from the adjacent channels (j-1) and (j + 1) can only come from the other tributary, which however experiences a zero crossing at the sampling point provided that the signal pulse of the other tributary of the adjacent channels (j-1) and (j + 1) is the image of the impulse response of the receiver filter about the time point T/4.
Crosstalk Analysis
In the previous subsection, we identified the requirements to enable crosstalk and ISI free operation in offset-QAM CoWDM, and consequently obtained guidelines for system design.
In this subsection, we theoretically analyze the crosstalk levels for some practical signal pulse shapes to illustrate the benefits of the presented system. For a simple illustration, we only focus on the crosstalk to the in-phase tributary of the targeted channel (i.e. Eq. (5.1) ).
For comparison, we also analyze the crosstalk levels using conventional systems without the T/2 time offset for the quadrature tributary. From Eq. (5.1), it is clear that the essential step for the semi-analytical crosstalk analysis is to obtain I k,j ((m-n)T) and Q k,j ((m-n)T) given the signal pulse shape and the associated matched receiver filter. By using similar mathematical manipulation to [13] , we have:
where ω[-π/T π/T] and kj. The folded spectra of I k,j (t) and Q k,j (t), FH in-phase,k,j (ω) and FH quadrature, k,j (ω), are defined as:
Therefore, I k,j ((m-n)T) and Q k,j ((m-n)T) are proportional to the Fourier series coefficients of FH in-phase,k,j (ω) and FH quadrature,k,j (ω) respectively, which can be determined by H s (ω) and H D,j (ω + ω j ) with Eqs. (3) and (11). 
*All terms are normalized by Ij,j(0). hs(t) and hD,j(t)exp(-iωjt)
are both raised-cosine shaped with the roll-off coefficient of 0.4. 1) ) for the conventional system and offset-QAM CoWDM respectively. The signal pulse shape before demultiplexing and the impulse response of the demultiplexing filter in both tables are raised cosine with the roll-off coefficient of 0.4. The phase difference between channels is π/2. Note that in the conventional system, the crosstalk level is only weakly dependent on this phase difference [13] . We can clearly see that offset-QAM CoWDM can eliminate the crosstalk from the adjacent channels (j-1) and (j + 1), so would improve the performance when compared to the conventional system. It is also observed that in offset-QAM CoWDM, the crosstalk from channels (j-2) and (j + 2) is still not fully eliminated due to the infinite spectral tails of raisedcosine signal pulse. Tables 3 and 4 illustrate another example with H s (ω) and H D,j (ω + ω j ) both being the square root of a raised-cosine function with the roll-off coefficient of 0.4. The phase difference between channels is π/2. In the conventional system (Table 3) , the bandwidthlimited signal spectrum results in the crosstalk only arising from the adjacent channels (j-1) and (j + 1). However, the crosstalk levels from not only the m th symbol but also the (m-1) th and (m + 1) th symbols of channels (j-1) and (j + 1) are increased when compared to Table 1 because of the long pulse tails in the time domain. Therefore, the total crosstalk levels might not be reduced. In contrast, crosstalk and ISI free operation can be achieved when using offset-QAM CoWDM. It can be proved that in this case, the requirements (a)-(e) in subsection 2.1 are satisfied. In practice, this function can be readily achieved by using commercial components. 
Simulation Setup
In addition to the theoretical analysis, we numerically investigate the performance improvement enabled by the proposed system. Figure 3 shows the simulation setup, which was implemented using Matlab. A continuous wave (CW) light with 6kHz laser linewidth was fed into an optical comb generator to obtain five carriers with equal intensities and phases. The channel spacing was 25GHz, equal to the symbol rate per carrier. The signal data trains consisted of 25Gbit/s 2 11 -1 pseudo-random binary sequences (PRBS) repeated 5 times (10,235 bits). Different delays were applied to each tributary of the multi-level formats and also to each channel to ensure that their bit sequences were uncorrelated. These logic data trains were used to generate multi-level electrical signals with 40 samples per symbol and raised-cosine pulse shape with the roll-off coefficient of 0.4. The quadrature signal was delayed by T/2 with respect to the in-phase signal (see the Inset of Fig. 1 ). These analogue electrical signal outputs were amplified and used for data modulation. The equivalent frequency response of the driving amplifier and the modulator's electronic interface was assumed to 3rd-order Gaussian or 5th-order Bessel shaped. The modulated optical signals were phase controlled by adding an additional phase  k = (k-1), k = 1…5 before they were combined. At the receiver, the noise of the optical preamplifier was modeled as additive white Gaussian noise. The launch power into the preamplifier was adjusted to control the optical signal-to-noise ratio (OSNR). An optical band-pass filter (OBPF) was not used because in a linear coherent receiver, any functionality of an OBPF could be performed by an electrical filter (EF). The signal and local oscillator were mixed by a 90° optical hybrid and detected by balanced detectors to extract the in-phase and quadrature tributaries. The powers of the local oscillator and the received signal were 10dBm and 3dBm respectively and their polarizations were controlled to be the same. The equivalent thermal noise spectral power density of the detectors was 18pA/Hz 1/2 . After detection, the signals were electrically amplified and filtered by 3rd-order Gaussian-shaped EFs. The received analogue signals were sampled by analogue-to-digital converters (ADCs) with two samples per symbol and 8-bit physical resolution, unless otherwise stated. The sampled signals were fed into a finite impulse response (FIR) filter, which employed meansquare error criterion to update the FIR coefficients. Then the equalized signal was decoded to evaluate the bit error rate (BER) performance. For comparison, conventional no-guard-interval optical OFDM and Nyquist WDM were also simulated. In the former case, the simulation setup was similar to that of the offset-QAM CoWDM except that there was no T/2 time offset for the quadrature tributary. In the latter case, pre-filtering was used such that the output of the pre-filter had a raised-cosine shaped spectrum with the roll-off coefficient of 0.1 [5] . The 6dB bandwidth of the output of the prefilter was 12.5GHz, unless otherwise stated. Note that because the performance of these two systems was only weakly dependent on the phase difference between channels [13] , separate lasers with proper wavelength spacing instead of an optical comb generator could be used. All Fig. 4 and 5, the equivalent response of the driving amplifier and the modulator's electronic interface was 3rd-order Gaussian shaped, which was found to result in better performance than a 5th-order Bessel shaped response. Note that in N-WDM, the signal spectral profile from the output of the pre-filter was fixed regardless of this equivalent response. The memory length of the receiver FIR filter was 6 for offset-QAM CoWDM and no-guard-interval optical OFDM, and 12 for Nyquist WDM. The phase difference between channels was π/2. It can be seen from the figures that no-guard-interval optical OFDM exhibited the worst performance, and even with optimized transmitter and receiver bandwidths, this technique had around 3dB penalty at BER of 5 × 10 4 for the 4-QAM format and could not support the 16-QAM format. On the other hand, Nyquist WDM used rectangular spectral profile and improved the performance by using optical pre-filtering. However, residual crosstalk still existed, which resulted in ~5dB penalty for 16-QAM at BER of 5 × 10 4 . In contrast, the presented system showed very clear constellation diagrams even for offset 64-QAM and the performance could approach the fundamental limits using practical devices with optimized bandwidths. This clearly illustrates the performance benefits of the proposed system, with the potential to achieve crosstalk and ISI free operation. Figures 4 and 5 are based on the optimized system parameters. In practice, it would be essential to understand the performance sensitivity to the specifications of system components. Figure 6(a) shows the performance versus the transmitter bandwidth under optimized receiver EF bandwidth, where the transmitter bandwidth is defined as the equivalent bandwidth of the driving amplifier and the modulator's electronic interface in offset-QAM CoWDM and no-guard-interval optical OFDM, but in N-WDM, represents the bandwidth of the output from the pre-filter. The memory length of the receiver FIR filter was 6 for offset-QAM CoWDM and no-guard-interval optical OFDM, and 12 for N-WDM. The phase difference between channels was π/2. The figure clearly shows that the conventional systems, in particular N-WDM, were sensitive to the transmitter bandwidth, because careful design was required to balance the ISI and the crosstalk from the adjacent channels 2 and 4. In contrast, offset-QAM CoWDM could completely eliminate the crosstalk from channels 2 and 4, provided that the signal pulse was an even function (true for most practical signal pulse) and matched filter was used at the receiver (obtained by the receiver FIR filter). The transmitter bandwidth had only to be limited to sufficiently suppress the crosstalk from channels 1 and 5. Consequently, the specifications of the transmitter were greatly relaxed, with optimal performance for a wide bandwidth range from 12GHz to 30GHz. On the other hand, offset 16-QAM was more sensitive to the residual ISI and crosstalk, so exhibited higher penalty when the transmitter bandwidth was smaller than 12GHz or larger than 30GHz when compared to offset 4-QAM. Figure 6 (b) shows the performance versus the transmitter bandwidth for two types of transmitter responses in offset-QAM CoWDM. It is found that 3rd-order Gaussian shaped response exhibited slightly better optimal performance and could support a larger transmitter bandwidth when compared to the 5th-order Bessel shaped response. This is because the sharp roll-off of the 3rd-order Gaussian response would suppress the crosstalk from channels 1 and 5 more effectively for a larger transmitter bandwidth, resulting in better performance especially for higher-level formats. However, this sharp roll-off also introduced more ISI and degraded the performance when the transmitter bandwidth was small. In addition to the relaxed transmitter specifications, the presented system also reduces the requirements for the receiver specifications under optimized transmitter bandwidth. Figure  7 (a) illustrates the performance as a function of the receiver EF bandwidth for CoWDM, N-WDM and no-guard-interval optical OFDM with varied memory length of the receiver FIR filter when the response of the driving amplifier and the modulator was 3rd-order Gaussian shaped. Note that the signal spectrum of the output from the pre-filter in N-WDM was fixed regardless of this response. The phase difference between channels was assumed to be π/2. It is further confirmed that under optimized transmitter and receiver bandwidths, offset-QAM CoWDM exhibited better performance than the no-guard-interval optical OFDM and N-WDM. In addition, the tolerance range of the receiver EF bandwidth was almost unchanged even when the memory length of the receiver FIR filter was reduced to 2. In contrast, in the no-guard-interval optical OFDM and N-WDM, when the receiver EF bandwidth was larger than 12GHz, the balance of ISI and crosstalk could not be well performed by using a memory length of 2. Consequently, the bandwidth tolerance range was reduced. The conclusion was further confirmed in Fig. 7(b) . It can be clearly seen that CoWDM was insensitive to the memory length even for offset 64-QAM. On the other hand, the no-guard-interval optical OFDM and N-WDM required a larger memory length to obtain the optimal performance, especially for higher-level modulation formats. In the 16-QAM N-WDM, the optimal performance could not be achieved even for a memory length as large as 20 bits. More investigations on the required receiver specifications for offset-QAM CoWDM are shown in Fig. 8(a) , where the required OSNR versus the receiver EF bandwidth using varied modulation formats and transmitter responses are depicted. Similar to Fig. 6(b) , 3rd-order Gaussian shaped response for the driving amplifier and the modulator's electronic interface resulted in better performance. The bandwidth tolerance range was reduced when the format level increased due to the increased sensitivity to residual ISI and crosstalk.
Results
Comparison of Fundamental Performance Limit
Relaxed Transmitter Specifications
Relaxed Receiver Specifications
In Fig. 4-8(a) , the ADC resolution was assumed to be 8 bits. It would be important in practice to understand the performance variations associated with the ADC resolutions, as shown in Fig. 8(b) . In the figure, the transmitter and receiver bandwidths were optimized and the memory length of the FIR filter was 6. It is observed that the required ADC resolution depended on the format level. However, less than 1dB penalty could be ensured by using 6-bit resolution even for offset 64-QAM CoWDM. This resolution could be readily achieved by the state-of-the-art commercial ADC products. Fig. 9 . Performance as a function of phase difference between channels for 3rd-order Gaussian shaped transmitter and receiver EF with optimized bandwidths. Circles, triangles, and squares represent offset 4-, 16-, and 64-QAM respectively.
Performance Sensitivity to Phase Difference between Channels
It was theoretically proved in Section 2 that one of necessary conditions to achieve crosstalk free operation was the control of the phase difference between channels. This conclusion is numerically confirmed in Fig. 9 , which shows the performance versus the phase difference between channels under optimized transmitter and receiver filter bandwidths. The memory length of the receiver FIR filter was 6. The figure shows that the performance of the proposed offset-QAM system depended on the phase difference between channels such that phase control at the transmitter, i.e. CoWDM, was needed. In this aspect, the implementation complexity was increased when compared to the no-guard-interval optical OFDM. It is also shown that the optimal performance was obtained when the phase difference was π/2 or 3π/2. At 1dB OSNR penalty, the phase tolerance range was around ± 45°, ± 40°, ± 35° for offset 4-, 16-, and 64-QAM, respectively.
Conclusions
We have proposed and investigated a CoWDM system using offset 4-, 16-, and 64-QAM to significantly improve the performance and relax the device specifications. We have theoretically derived the condition for crosstalk free operation for the presented system and found that by offsetting the two quadratures by half symbol period in time, the crosstalk and ISI can be eliminated even using practical signal spectral profiles. Based on the implications of the analysis, we have numerically compared this system with recently reported no-guardinterval optical coherent OFDM and Nyquist WDM, and shown that the presented system significantly relaxes the specifications of the system components and enhances the spectral efficiency by enabling the use of higher-level modulation formats, with the achieved performance approaching the theoretical limits using practical devices.
